A century of observations of ω Centauri allows us to accurately follow the period changes of a large sample of variable stars. Although the period changes are composed of monotone and irregular changes, period increases dominate in most of the RRab stars. The typical period increase rates are of the same order of magnitude as model calculations predict for the evolved, redward phase of horizontal branch evolution. For the 44 well observed RRab stars which show monotonic period changes, a mean rate of 0.15 d/Myr has been found. The period changes of the first overtone RRc type stars show a much more complex, irregular behavior.
Introduction
One of the principal goals of globular cluster photometric studies carried out during the past century was to determine period changes of RR Lyrae stars. The hope to reveal evolutionary changes motivated many extensive works. (For details see e.g. Smith (1995) and Rathbun and Smith (1997) .) However, attempts to connect the observed period changes directly with the different phases of horizontal branch (HB) evolution have not led to indisputable conclusions. Neither the large period decreases nor the random and/or abrupt period changes that have been detected in many clusters can be explained on the basis of steady evolutionary effects. ephemeris. A nonlinear O − C indicates period changes while a linear O − C with a non-zero slope points to inaccuracy of the adopted period. Sterne (1934) showed that period-noise can have a cumulative effect in the O − C of variable stars, thus mimicking true period changes. However, in case of RR Lyrae stars Balázs-Detre and Detre (1965) concluded that their O − C diagrams cannot be wholly explained as the result of period-noise. Nevertheless, Lee (1991) showed that the mean period change rates observed in globular clusters were consistent with synthetic HB models if the HB types of the clusters were also considered. However, accurate determinations of period changes are available for only a small sample of clusters and for many of these, the derived period change rates vary from one study to another (see e. g. the 0.07 d/Myr difference in the mean period change rate for NGC 7006 given by Wehlau et al. (1992) and Wehlau et al. (1999) ). Thus it is still an important task to define accurate period change rates in globular clusters by using not only the most recent data, but also any earlier observations, even if they can only be reconstructed from published light curves or epochs of maximum light. Searching for unpublished cluster observations and making them accessible for future studies is very worthwhile.
The preference for period increases in ω Centauri was first noticed by Martin (1938) . Belserene (1964) strengthened this result and raised the possibility of an evolutionary explanation. The recent CCD observations of the variables within the framework of the OGLE (Optical Gravitational Lensing Experiment) project have lengthened the time-base of the observations to more than one hundred years, thus making it possible to extend the earlier period change studies.
Data
We used all known and available photometric information on ω Centauri variables including the original photographic data of Bailey (1902) ; Martin (1938) ; Dickens and Saunders (1965) ; Dickens and Carey (1967) and the recent CCD V observations of Kaluzny et al. (1997) . In addition, the scarce photoelectric V observations made by Sturch (1976 Sturch ( , 1978 and Eggen (1961) of V92 proved to be useful in some cases for defining an O − C value at an epoch when no other observations were obtained. Belserene (1964) published O − C values for 47 RRab stars based partly on observations obtained with the Yale-Columbia 26-inch refractor in 1947 , 1948 , 1956 , 1958 , 1961 , 1962 and 1963 . The individual magnitudes were not included in her paper. However, we have obtained most of the unpublished data for these 47 RRab stars and for a further 41 variables, mainly RRc stars. In addition, magnitudes derived from observations made with the same telescope in 1965 and 1967 have been obtained. In Table 1 , a sample of the magnitudes for the first 11 stars are listed; the rest are available in the electronic edition. Observations of some variables not included in the present study are also given in Table 1 (SX Phe: V65, red variable: V164, and variables with not enough data to investigate period changes: V167 and V169). We used O − C values that Belserene (1964) derived from the 1922 − 6 observations (Wright 1940) and for the Yale-Columbia 1961 and 1962 observing seasons because these original data could not be located. Wehlau and Bohlender (1982) examined the period changes of BL Her type stars in globular clusters. To give the most complete sample of the period changes, we have also included the ω Centauri stars they studied in our present work, even though new data have not been obtained for all of the variables.
About 400 photographic B plates were taken by C. Clement with the University of Toronto's 61 cm (f/15) Helen Sawyer Hogg telescope at the Las Campanas Observatory of the Carnegie Institution of Washington from 1972 to 1986. The plates were measured on a Cuffey iris astrophotometer. As these observations span more than a decade, they have crucial importance for following the period changes in the second half of the century. In Table 2 , part of these data for the first 14 variables are given. The entire data set is presented in the electronic edition.
Photographic B and V observations obtained by E. H. Geyer with the 80/90/300cm ADH Baker Schmidt camera of the Boyden Observatory in the 1962 observational season (Geyer and Szeidl 1970) were also used. The photometric data of these observations have not been published, but recovery of the original measurements is possible for 18 variables out of which 16 are used in this work. The other two stars are V65 (SX Phe), and V167. Table 3 lists these photographic B data. For most of the observed stars only folded light-curves are available. These folded curves could be used to determine phase relation only if the assumed period and initial epoch were known without doubt.
In Table 4 the different observations of the ω Centauri variables are summarized. The new variables discovered by Kaluzny et al. (1997) are not included in Table 4 because there is no previous record for determining the period variation. RR Lyraes with not enough data to construct any reliable segment of their O−C are also omitted (V80,110,114,135,136,137,141,143,145,146,147,153,154, 156,157,158,158,169 and all the variables after V170).
Phase shift diagrams, period changes and folded light-curves
We used the original photometric data to determine phase shifts whenever they were available. (These sources are denoted by X in Table 4 .) The CCD V ) observations were used to define the normal curves and the phase shifts for the other epochs were measured relative to these curves. Both vertical and horizontal shifts were derived for all the other photometric data in order to match the normal curve best. The most deviant magnitudes were omitted from each dataset. We applied a single vertical (zero-point) shift to the different observations, with the exception of the OGLE measurements. When the same star appeared in different OGLE fields, these data were treated separately and differences in their zero points were also determined.
For determining O−C values (horizontal shifts) the datasets were divided into shorter segments (1 − 3 years long). (For simplicity, we denote O − C as the phase shift between the light-curves as a whole instead of the traditional definition of reading phase shifts only between special parts of the light-curves.) If there were no OGLE observations of the star, the phase shifts were measured relative to Martin's (1938) photographic m pg curves.
As phase shifts between photographic B,V, photoelectric and CCD V observations were measured, it was also important to check the effect of data inhomogenity on the results. By determining the optimal horizontal and vertical shifts between the B and V light-curves of the recent CCD B and V observations of the M2 variables (Lee and Carney 1999) , a mean phase shift of 0.0021 d (with 0.0039 rms) between the V and B light-curves of the 19 RRab stars was found. The shift for the 12 RRc stars is 0.0001 d (0.0021 rms). Consequently, although the times of maxima systematically deviate in B and V, when the phase shifts of the whole light-curves are considered then no significant difference according to the colors occur. The O − C ambiguity arising from data inhomogeneity is therefore less than 1 − 2% of the period.
O − C values were derived from the data compiled in Table 4 at all of the epochs for which it was possible to obtain a reliable value. Observations of Bailey (1902) and Martin (1938) were divided into two parts, while the Las Campanas observations allowed for the determination of six independent O − C points in most cases. Observations from the different OGLE fields were used independently. If the observations of one of the OGLE fields were extensive enough, O − C -s were determined for two of its segments. The O − C values given by Belserene (1964 ) for 1922 − 6, 1961 and 1962 were appropriately transformed if the O − C curve was constructed with a period different from the one she used. Similar transformations were applied for the ADH Schmidt data in cases where only the folded light-curves were available.
We constructed the O − C curve by using an estimated value of the average period over the century (P a ) in order to obtain a symmetrical form and fitted the O − C points by different order polynomials. The O − C can be expressed as
where E is the epoch number, and P a is the period used to determine O − C .
If we approximate the O − C with a polynomial in the form of
then the temporal period can be determined using the c i coefficients:
If it is possible to determine the period with sufficient accuracy at the date of the observations, we also have a direct measure of the period changes for comparing with the above fit.
Furthermore, if we transform the time according to
then all the data can be folded with a single period because, from Eq. 2, it follows that the O − C term vanishes.
Thus we have two methods for checking the validity of both the O − C values and their trial polynomial fits, namely (a) a comparison of the direct period determinations with the temporal periods predicted according to the derivative of the O − C and (b) the scatter of the folded curve of the time transformed data. This is essential when an ambiguity in the cycle number counts occurs.
Figs. 1a-l, 2a-h and 3 show the results for RRab, RRc and RR Lyrae-like stars (which were formerly called BL Her type variables), respectively. In the left panels which show the O − C data and their polynomial fits, the filled circles denote O − C points derived from the phase shifts of the original data while open circles are for Belserenes's (1964) O − C values for 1922 − 6, 1961 and 1962 and for phase shifts which were read from Geyer's folded light-curves. If the above checks could not help in deciding cycle numbers, and/or there remained significant uncertainties in the O − C curve or in its polynomial fit, the fit is shown by a dashed line. The O − C were divided into two overlapping parts which were fitted separately with different order polynomials in the cases of some RRc stars showing very complex O − C (V10, 64, 76 ,95, 126) . This procedure avoids strong discontinuities in the O − C and period fits. However, the possibility that the period changes are in reality abrupt cannot be excluded.
In the middle panels, period changes calculated from the O − C fit according to Eq. 3 (dashed lines) are shown and compared with the results of direct period determinations. Whenever the observations span over two or more consecutive seasons, then direct period determinations with sufficient accuracy may also become possible. In some cases periods were determined from single observing seasons, but usually the accuracy of these period determinations was not good enough to make any use of them. When no ambiguity in the O − C values has arisen, i.e. P a seemed to be correct, this period was taken as an initial trial period for each data set. Periods in the vicinity of P a were checked and the one that gave the light-curve with the smallest rms scatter in a least squares solution was adopted. In those cases when P a might be questioned, i.e. cycle number ambiguity has arisen indicating that aliasing might seriously affect the period determinations, a period search using the MUFRAN package (Kolláth 1990 ) was performed. If there was more than one possible peak in the amplitude spectra of the Discrete Fourier Transform (DFT), the peak which was closest to the period determined from the other observations was chosen if it was consistent with the O − C fit as well.
The error range of the periods was determined by checking the residuals (rms) of the folded curves using periods close to the one accepted according to the procedure described above. The upper and lower limits were set to the periods for which the scatter of the folded curves increased by 10%. For the best light-curves (some of Martin's and Kaluzny's observations if more than 200 data-points were available, and the quality of the light-curve was high enough to fit a higher order (> 7) Fourier sum), only 5% was allowed. These percentages can be justified as the 90% confidence region of the period assuming normal errors, correspond e.g. to 5%, 8% and 10% increases in the rms scatter of the fit in cases of N=250, M=15; N=120, M=10, and N=60, M=5 (N:number of data, M: order of the Fourier fit), respectively (see details in Press et al. (1992) ).
Checking whether the periods determined from Eq. 3 matched the actually observed periods within their error ranges could help in many cases to decide the proper cycle numbers.
The folded curves of all the photometric data derived from the time-transformation of Eq. 4 are shown in the right panels of Figs. 1-3. As a result of this transformation all the data could be brought into phase with the normal curve. In those cases where the cycle number or the shape of the O − C fit was dubious, the solution that was accepted was the one that resulted in smaller scatter on the folded curve of the time-transformed data. We recall that these folded curves were matched to CCD V or to photographic m pg normal curves depending on whether the star was measured by the OGLE project or not.
The scatter of the time transformed data and the agreement between the observed periods and the derivative of the O − C fit served as checks on the correctness of the O − C and its polynomial fit. Different order polynomials with different weightings, interpolations and extrapolations were tested in order to get the most reliable solution. The aim was to determine a more precise O − C curve which also enabled us to estimate the contribution of random changes to the global period changing term.
In Table 5 the O − C values, the order of the O − C fit and the actual periods measured and their possible ranges at different epochs are given for V3. The results for all of the other variables studied are available in the electronic edition which presents Table 5 in its complete form.
The period change rates defined as β =< ∆P ∆t > are determined by using the polynomial fits to the O − C curves. Temporal periods at ∆t = 1000 d intervals are calculated according to Eq. 3 and the mean of the resultant ∆P ∆t values is taken as β. The period change rates defined as β =< ∆P ∆t > are calculated by using the polynomial fits to the O − C curves. From the temporal periods obtained according to Eq. 3, ∆P ∆t (∆t = 1000 d) values are determined and their mean is taken as β. Measuring β in this way gives practically the same result as calculating 2c 3 P a from a quadratic O − C fit where c 3 is the coefficient of the second order term or from measuring the period difference between the first and last observed epochs.
It is difficult to determine whether a period change is actually random or monotone. However, the rms scatter of the calculated ∆P ∆t values during the century (σ ∆P ∆t ) may give some indication. If the scatter is large, the changes are probably random. In the discussion that follows, we assume that no significantly monotonic period change occurs if
β values (in 10 −10 days/day and in days/Myr units), the normalized period variations α = β/P a in 10 −10 /day, σ ∆P ∆t , and the σ ∆P ∆t /|β| ratio for all the variables studied are given in Table 6 . A comparison of these values with Figs. 1-3 demonstrates that our choice of selecting monotone period changes according to the Eq. 5 criterion gives reasonable results.
An examination of the light-curves of all the variables in the course of the above procedure revealed that Blazhko behavior (amplitude and/or phase modulation) is manifested in many cases. Stars showing definite modulations are marked in Figs. 1-3 and are encoded in column 3 of Table 6 . Column 4 of Table 6 indicates ambiguous O − C fits, while column 5 refers to the metallicity according to Jurcsik (1998b, see also Table 7 ).
RRab stars
The present investigation confirms Belserene's (1964) result that most of the ω Centauri RRab stars have steadily increasing periods. This is illustrated in Fig. 4 where we show a histogram of the β distribution for the stars that have a well defined O − C fit with monotonic changes exceeding the period noise. Of the 71 RRab stars listed in Table 4 and Table 5 , 27 were excluded from the plot. Four (V9,11,56,59) have ambiguous O − C curves (all of them exhibit Blazhko behavior) while for eight others (V91,106,132,134,139,144,149,150) , there are not enough data to draw any firm conclusion about their long term period changes. In addition, those stars that did not show significantly monotonic changes in their periods according to the criterion of Eq. 5 are also omitted. V56 and V84 were also excluded because their radial velocities indicate that they are non-members (Liller and Tokarz 1981; van Leeuwen et al. 2000) .
Altogether, there remain 45 RRab stars for which monotonic period change rates seem to have been followed. Nine have decreasing periods; one of them (V104) has a steady period decrease at a very high rate (5.4 × 10 −8 days/day). The period of this star, however, is unusually long for an ordinary RRab star (0.87 d). Thus its inclusion in the sample may be questioned. The other eight stars have periods decreasing at 10 −10 and −10 −9 days/day magnitude rates. Period increases at similar rates have been detected in 30 of the 45 stars. For the other six, no change or very slight positive period changes were detected (0.0 ≤ β ≤ 10 −10 days/day). The mean β of the 44 stars (omitting V104) is 4.1×10 −10 days/day (0.15 days/Myr), the median is 3.8 or 0.14 in the respective units.
It was shown by Jurcsik (1998b) , that in contrast to the large chemical inhomogeneity of the ω Centauri stars, the majority of the RRab stars have surprisingly homogeneous metallicity. Using the empirical formula that relates [Fe/H] to Fourier coefficients , metallicities of 48 RRab stars observed by Kaluzny et al. (1997) were derived. As no data were given in Jurcsik (1998b) we list the physical parameters of RRab stars calculated from the lightcurves (Jurcsik 1998a; Jurcsik 1997, 1996; Jurcsik and Kovács 1996) in Table 7 (see also Sect. 4). In this sample, 40 stars have similar metallicities; their [Fe/H]= −1.54 ± 0.08 dex. Of these 40, reliable O − C could be determined for 39 stars. Considering the period changes of only these variables, the tendency for the periods to increase is also clear. Positive β values have been detected in 24 stars, only 4 have negative ones, 1 does not show any period change and irregular period changes are observed in 10 cases. There was one star (V99) found to be more metal poor; its steady period increase rate is β = 46.0 × 10 −10 days/day. Of the 7 relatively metal rich stars excluding the non-member V84 and the peculiar V104, 3 have shown steady period increases while only one is with decreasing period and the period change of one star is not monotonic.
Regarding the Blazhko type behavior, we have found that 14 out of the 71 RRab stars clearly exhibit some type of modulation in their light-curves. Excluding the non-member V56, there is no sign of monotonic period change in five of the stars, while out of the eight variables showing monotonic period variation, a decreasing period has been observed for only one (V120). Although the periods of the ω Centauri RRab stars span a very wide range (0.47 − 0.89 d), all the Blazhko variables have periods less than 0.7 d.
In Fig. 5 the distribution of the normalized period changes (α) is plotted as a function of the period. Stars without a definite sign for their period changes are arbitrarily placed at α = −70. These stars are also found only among the shorter period variables, most of them have periods within a very narrow (0.59 − 0.67 d) period range. This unusual coupling of the periods of the Blazhko variables with the periods of stars showing random period variations might probably indicate some kind of physical relation between these phenomena.
In conclusion, we have found that, although random variations dominate the period changes of 14 stars, period increases dominate in most of the remaining stars. Among the RRab variables exhibiting steady period changes, only 9 have decreasing periods while 34 have increased their periods during the past century.
RRc stars
We have constructed O − C plots for 48 RRc type variables, but out of which 26 must be taken with caution because of cycle number ambiguity or not enough time coverage. The RRc sample shown in Figs. 2a-h clearly indicates that the period changes of RRc stars are more complex than those of the fundamental mode (RRab) stars. Out of the RRc stars with well defined O − C curves, period increases occur in 10, period decreases in 4, random period changes in 7 cases, and 1 star does not show any period change. The equivalent numbers for the 26 stars with less certain O − C -s are 4, 3, 17, and 1, respectively, if V168 is not included because it is not a radial velocity member.
A thorough examination of the light-curves of the RRc stars revealed the existence of some kind of modulation in at least 8 out of the 48 first overtone variables. This is a similar percentage (17%) to the occurrence of Blazhko behavior in the case of RRab stars (20%).
We call attention to a special group of variables V47, V68, and V123 (showing also light-curve variation) which we included in the RRc group because of their amplitudes and light-curves shapes, although it was shown in Clement and Rowe (2000) that their ϕ 21 Fourier parameters are anomalously large. Geyer and Szeidl (1970) also noticed that some of the RRc stars define a bluer ridge in the B−V.vs.logP plane, and among others V47 and V123 were found to belong to this group.
The periods of these three stars are unusually long (0.47 − 0.53 d), which would rather indicate fundamental mode oscillation and their mean magnitudes are among the brightest of the RRc sample. V47 and V68 are 0.1 and 0.2 mag brighter than any of the others and the mean magnitude of V123 corresponds to that of the brightest among the other variables. Though the period changes of these stars are irregular according their σ ∆P ∆t /|β| parameter, in V68 and V123 significant period increases (1.9 and 5.5 d/Myr, respectively) have occurred during the past century. Thus we may be seeing an indication of their more evolved status, although this is not as marked as in the case of the RR Lyrae-like stars discussed in the next section (3.3). These latter stars are typically more than 0.5 mag brighter than the RR Lyrae stars. There is, however a discernible similarity between the light-curves of these stars and that of the faintest evolved star (V92) even though it has a much longer (1.34 d) period. At present we can safely conclude that further studies, especially accurate color determinations are needed in order to clarify the true nature of these peculiar objects.
Omitting these 3 variables and stars with too short O − C segments, a similar plot of the α distribution of the RRc variables as seen in Fig. 5 for the RRab stars is shown in Fig. 6 . Again, stars with irregular period changes tend to be found among the longer period RRc stars where the modulated (Blazhko) variables are.
RR Lyrae-like stars
Wehlau and Bohlender (1982) made a thorough analysis of period changes of BL Her stars in globular clusters. They classified 5 of the ω Centauri variables as BL Her type and found period increase rates in the range of 10 −9 − 10 −8 days/day for all of them.
The name BL Her is no longer used for these longer period RR Lyrae-like stars (short period population II Cepheids), but the classification scheme has not yet been settled (see e.g. Sandage et al. (1994); Nemec et al. (1994) ). In this category, we consider the AHB1 stars (according to the nomenclature of Gautschy and Saio (1996) ). AHB1 stars are 'above horizontal branch' stars which are either significantly brighter (0.5 − 1 mag) or have longer periods than the cluster RR Lyrae stars. Thus we also add V52 to this group because it is 0.5 mag brighter than other RRab stars with similar period (0.66 d). Based on its period we may also include V104 (P=0.87 d, β = −5.4 × 10 −8 days/day) into this group, however its very large monotonic period decrease rate represents a disturbing extreme in any of the groups.
We also included V43 and V48 in our study, although no new observations were available. The period change rates we have determined for these stars agree within the errors to those of Wehlau and Bohlender (1982) , showing the compatibility of our method with other period changes studies. The addition of new ) data to the earlier measurements strengthens the dominance of the monotonic period increases for V60,V61 and V92. Our solutions for V60 and V92 are, however, somewhat different from the earlier results (Wehlau and Bohlender 1982 ) mainly because we also take direct period determinations into account and this yields even larger period increase rates.
Thus the period increases observed in these stars are in agreement with their evolved HB status. In the last phase of the HB, during evolution towards the asymptotic giant branch, large period increases are expected.
Conclusion: Comparison with evolutionary model predictions
We have shown in Sect. 3.1 that most of the RRab stars have increased their periods by some 10 −11 − 10 −9 days/day rate during the past century. This is in agreement with evolutionary model predictions for the late, redward phase of the horizontal branch evolution. The period changes along the post zero age horizontal branch, as derived from the Dorman (1992) models and from the linear pulsation period formulae of Kovács and Buchler (1994) , range typically from −10 −10 to +10 −9 days/day. Within the instability strip there is no metallicity and mass value for which the evolutionary period decrease rate is larger than some 10 −11 days/day, but period increases of the order of 10 −9 days/day do occur in the redward phase of the blue loops in the HB evolution, especially for the lower mass stars.
The physical parameters derived from the light-curves (Jurcsik 1998b, and (Jurcsik 1998b ) are also given. The luminosities and temperatures of these variables (given in Table 7 ) were determined by using the empirical relations between the physical parameters and the Fourier coefficients of the light curves (see Jurcsik (1998a) and references therein). The empirical log L and log T scales are shifted by 0.10 and 0.016, respectively, in order to reach agreement with evolutionary results (Jurcsik and Kovács 1999) . This transformation yields a mean pulsational mass of 0.64M ⊙ with 0.02M ⊙ rms scatter for these 40 variables.
Linear pulsational periods have been calculated for different locations along the tracks where the fundamental mode period falls within the 0.4 − 1.0 d range. Then, evolutionary period changes have been calculated using these periods and the evolutionary time scales of the Dorman (1992) models. They are given in units of 10 −10 days/day in Fig. 7 . The distribution of the observed β values shown in Fig. 4 for those RRab stars which have well defined monotonic period change rates is in very good agreement with the evolutionary β values calculated within the region occupied by these stars.
Summarizing our results, we have found that, for those ω Centauri RRab stars that exhibit dominantly monotonic period changes, the period change rates can be brought into very good agreement with horizontal branch evolutionary model predictions. Thus the observed period changes of these stars may directly indicate evolutionary effects. However, irregular period changes and one very large period decrease rate (similar to those observed in other globular clusters) also occur in ω Centauri and no satisfactory explanation for these phenomena has yet been given. The much less regular period change behaviour of the first overtone RRc stars is also not yet understood.
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f Reference numbers are the same as in Table 4 . (Liller and Tokarz 1981; van Leeuwen et al. 2000) .
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